The androgenic steroid hormone testosterone induced an early (< 30-60 seconds) stimulation of endocytosis, hexose transport, and amino add transport, monitored by the temperaturesensitive uptake of horseradish peroxidase, 2-deoxyglucose, and a-aminoisobutyrate, respectively, in rat ventricle cubes and acutely isolated ventricular myocytes. This stimulation was time-and concentration-dependent and was maximal at 10"' to 10~s M testosterone, consistent with androgen-receptor mediation. EGTA (2.5 mM), La 3 * (1 mM), and verapamil (100 /*M) ablated the hormonal response. The calcium ionophore A23187 (10 fiM) induced an acute stimulation of endocytosis, amino acid transport, and hexose transport which was not further increased by testosterone (10~8 M), suggesting a common effector pathway. Testosterone (10~8 M) also evoked a rapid (<30 seconds) stimulation of ^Ca influx and efflux. Testosterone (10~s M) induced a rapid (<5 seconds) transient increase in omithine decarboxylase (ODC) activity peaking (twofold to threefold) at 60 seconds, and an early (15 seconds) transient accumulation of polyamines peaking at 60 seconds in isolated myocytes. The specific, irreversible ODC inhibitor a-difluoromethylornithine (DFMO, 5-10 mM) blocked the testosterone-evoked increase in ODC activity and polyamine levels and the stimulation of Ca 2+ fluxes, endocytosis, hexose transport, and amino acid transport. Putrescine (0. 5-1 mM) , the ODC product, reversed DFMO inhibition and restored the increase in polyamines, ^Ca fluxes, and Ca 2+ -dependent membrane transport processes. These results demonstrate that rapid, transient ODC-regulated polyamine synthesis is essential for androgenic stimulation of Ca 2+ fluxes and membrane transport processes in ventricular myocytes. These findings support a model for signal transduction in which newly synthesized polyamines serve as intracellular messengers to regulate transmembrane Ca 2+ movements, Ca 2+ -dependent membrane transport functions, and other Ca 2+ -and polyamine-sensitive processes in cardiac myocytes. (Circulation Research 1989;64:415-426)
to a significant growth response within a few days. 4 Moreover, endogenous androgens exert a potent regulatory influence on the adult rodent heart that is expressed as a sex difference in ventricle size and the activities of cytochrome c oxidase and lysosomal enzymes. These sex differences are abolished within 1 week after orchiectomy and are restored by testosterone replacement. 4 Testosterone also increases the levels of the polyamines putrescine, spermidine, and spermine and stimulates the activity of their rateregulatory synthetic enzyme omithine decarboxylase (ODC) in mouse heart (H. Koenig, A.D. Goldstone, C.Y. Lu, unpublished data). 5 Polyamines appear to be important in the mediation of androgenic effects in rodent heart, as treatment with a-difiuoromethylornithine (DFMO), a specific, irreversible inhibitor of ODC, 6 suppressed the testosterone-induced increase in ODC activity and polyamine levels and blocked the increment in heart weight and the activities of lysosomal hydrolases and cytochrome c oxidase (unpublished data). 5 We report here that, in addition to these long-term effects, testosterone also evokes early effects in rat heart cubes and acutely isolated myocytes. Nanomolar concentrations of testosterone induce a prompt (5-15 seconds), short-lived rise in ODC activity and polyamine concentrations and an acute (30-60 seconds) stimulation of Ca 2+ fluxes and Ca 2+ -dependent membrane transport (endocytosis, hexose transport, amino acid transport) in rat heart myocytes. Brief accounts of some of these findings have appeared in abstracts. 7 -9 
Materials and Methods Tissue Preparation and Incubations
Female Sprague-Dawley rats (-150-200 g) were used for these studies. Animals were killed by decapitation, and hearts were rapidly excised and placed in an ice-cold physiological salt solution (PSS) containing (mM) Na 122, KC1 5, CaCl 2 2.7, MgSO 4 1.2, Na 2 HPO 4 0.6, glucose 6, HEPES buffer (pH 7.4) 39. For experiments with ventricular tissue cubes, ventricles were dissected free and cut intõ 0.5 mm cubes with a Mcllwain tissue chopper. Incubations were carried out in 25-ml plastic beakers in PSS with appropriate additions at 37° C under an atmosphere of 95% O 2 -5% CO 2 in a Dubnoff shaking incubator. In experiments with myocytes, Ca 2+ -tolerant ventricular myocytes were dissociated enzymatically and isolated according to Farmer et al. l0 The final myocyte pellet was brought up in PSS or in Krebs-Henseleit buffer containing (mM) NaCl 118, KCI 4.74, KH 2 PO 4 0.93, MgSO 4 1.2, NaHCO 3 25 , glucose 25, and CaCl 2 1.8, and equilibrated at pH 7.4 with 95% O 2 -5% CO 2 . Approximately 75-95% of myocytes so isolated were rodshaped and excluded Trypan blue.
Rates of Endocytosis, Hexose, and Amino Acid Transport
Endocytosis, amino acid transport, and hexose transport were measured by monitoring the temperature-sensitive uptake of horseradish peroxidase (HRP), a-[l- 14 C]aminoisobutyrate (AIB), and 2-deoxy-D-[l-3 H]glucose (DG) in heart cubes or acutely isolated ventricular myocytes as previously described." HRP (1-2.5 mg/ml), I4 C-AIB (0.1 mM, 4 /tCi/ml), and 3 H-DG (0.1 mM, 1 jtCi/ml) were added to PSS. Incubations were terminated by placing beakers on ice and washing ventricle cubes or isolated myocytes three times with fresh ice-cold medium by centrifugation. Corrections for nonspecific uptake were made by subtracting the amount of tracers taken up during parallel incubations at 0° C. Tissue cubes or myocyte samples were sonicated in H 2 O for measurement of protein, HRP, and radioactivity (by scintillation spectrometry).
Rates of 5 Ca Influx and Efflux
Rates of 45 Ca influx and efflux were measured in heart cubes as previously described. 1213 To measure 43 Ca influx, heart cubes, after brief preincubation in PSS at 37° C, were transferred to fresh medium containing 45 Ca (1-2 /iCi/ml) and were incubated at 37° C. At various times, incubations were terminated by chilling the heart cubes in ice, washing them three times by centrifugation in cold PSS, and homogenizing them in 0.25 ml of cold medium. Aliquots were counted in a liquid scintillation counter (model LS-250, Beckman Instruments, Fullerton, California) using the l4 C-window and were assayed for protein. To correct for residual extracellular 45 Ca, heart cubes were preincubated and incubated at 0° C as described above and were subjected to the same wash procedure. The 0° C uptakes were then subtracted from the 37° C uptakes. In principle, the exchange and removal of extracellular free and bound 45 Ca should be facilitated by the large Ca 2+ pool provided in the wash solution, while cooling to 0° C should decrease transmembrane Ca 2+ movement without greatly reducing the diffusion of extracellular calcium, thus preserving much of the intracellular 43 Ca. 1415 Cells injured during sectioning are thought to become isolated owing to a reduction in intercellular junction permeability induced by the membrane lesion, 16 and the wash procedure should deplete such damaged cells of 43 Ca. The initial rates of 45 Ca influx in unstimulated heart cubes in the present experiments are comparable to those obtained previously by us 17 using a modification of the method of Lodge et al, 13 which involves a 1-hour washout at 0° C in PSS containing 7.5 mM Ca 2+ and 6 mM EGTA to further enhance exchange of extracellular 45 Ca, and are similar to values reported for thin canine ventricle sheets" and the isolated, perfused rat heart. 18 -20 To measure 45 Ca efflux, heart cubes were preincubated in PSS containing 45 Ca (~5 ^.Ci/ml) for 20 minutes at 37° C. Cubes were removed, washed by centrifugation with 10 ml cold medium, and incubated in fresh incubation medium at 37° C. Aliquots (0.1 or 0.2 ml) of the medium were removed at various times for measurement of radioactivity. At the end of the incubations, cubes were homogenized and assayed for 45 Ca and protein. Correction for losses of 43 Ca from extracellular sites was made by subtracting the efflux at 0° C in parallel incubations.
Rates of 45 Ca influx and efflux were measured in acutely isolated myocytes suspended in Krebs-Henseleit buffer. For 43 Ca influx, incubations were initiated by adding to 0.3-ml aliquots of myocyte suspensions 10 fi\ Krebs-Henseleit buffer medium containing 1.5 /iCi of 43 Ca with or without 3 pmol testosterone. Incubations were at 37° C with shaking under an atmosphere of 95% O 2 -5% CO 2 . Incubations were terminated at given times by adding 1.5 ml ice-cold Krebs-Henseleit buffer to samples placed in an ice bath. Samples were centrifuged at 37g for 1 minute and the pellets washed four times with cold Krebs-Henseleit buffer. Pellets were suspended in 0.2 ml cold water and homogenized, and aliquots of homogenates were assayed for protein and radioactivity. For 45 Ca efflux measurements, myocytes from one heart were suspended in 5 ml Krebs-Henseleit buffer and preincubated for 15 minutes with 43 Ca (~5 /iCi/ml) at 37° C under an atmosphere of 95% O 2 -5% CO 2 with constant shaking. Preincubation was terminated by adding 25 ml cold Krebs-Henseleit buffer and pelletizing the myocytes. The pellet was washed three times in cold Krebs-Henseleit buffer by centrifugation at 37g for 1 minute at 0° C and was resuspended in 10 ml Krebs-Henseleit buffer. One-milliliter aliquots of myocyte suspension were incubated for various times without and with 10~8 M testosterone and appropriate additives. Incubations were stopped by chilling in ice, pelletizing the myocytes at 0° C, and assaying 45 Ca in the supernatants and 45 Ca and protein in the pellets.
Analytical Methods
Protein was determined according to Lowry et al 21 with bovine serum albumin as a standard. HRP was assayed as described by Steinman and Cohn. 22 For determination of polyamines, tissue samples were homogenized in cold 0.2 M perchloric acid, and the insoluble residue was removed by centrifugation. Polyamines were measured by spectrophotofluorimetry of the dansylated adducts after separation by thin-layer chromatography. 23 Recoveries of polyamines, as assessed with an internal standard, averaged 70%, and data were corrected for these recoveries. This assay was linear over a wide range of polyamine concentrations (0.05-100 nmol/ 30 /tl) with a coefficient of variation of 3% (at 0.1 and 1 nmol/30 /*1) and a detection limit of 25 pmol. ODC activity was determined by a modification 13 of the method of Djurhuus. 24 ODC activity was expressed as picomoles putrescine per hour. ODC activity was linear with time and with protein in the range in which determinations were made. All data are presented as the mean±SEM. The Student's / test was used for the comparison of two groups. When more than two groups were compared simultaneously, data were analyzed by the analysis of variance using the program designed for the R&M Bioquant II System (Nashville, Tennessee). Fisher's least-significant difference test was used to assess the statistical significance of differences between individual group means. 23 
HRP Cytochemistry
Heart cubes were incubated in PSS containing HRP (25 mg/ml) without or with 10" 8 M testosterone for 5 minutes at 37° C under an atmosphere of 95% O 2 -5% CO 2 with constant shaking. Tissues were fixed with cold 3% glutaraldehyde for 2 hours, rinsed overnight in buffer, and incubated for perox- idase activity by a modification 26 of the method of Graham and Karnovsky. 27 Unstained ultrathin sections from three blocks were examined for the presence of reaction product in a Hitachi HU-12 or H-600 electron microscope. Ca'' EGTA La' VER 
FIGURE 2. Effect of EGTA, lanthanum chloride, and verapamil on basal and testosterone-stimulated uptake of horseradish peroxidase (HRP), a-[l-' 4 C]aminoisobutyrate ( I4 C-AIB), and 2-deoxy-D-[l-3 H]glucose ( 3 H-DG) by

Results
HRP, AJB, and DG Uptake
The temperature-sensitive uptake of HRP into heart cubes was approximately linear between 0 and 10 minutes and then gradually declined (not shown). This uptake varied linearly with HRP con- centration (1-10 mg/ml) consistent with fluid volume endocytosis. Testosterone enhanced HRP uptake by 56-173% at 5 minutes. This increase appeared promptly (<1 minute). Testosterone stimulation of HRP uptake was concentration-dependent and was maximal at 10~8 M (Figure 1 ). Transmission electron microscopic examination of thin sections from heart cubes incubated for peroxidase activity indicated that testosterone stimulates uptake of HRP primarily in ventricular myocytes where it is present in transverse tubules, sarcoplasmic reticulum, and 0.5-1 / LAM vesicles, presumably endosomes (not shown).
The temperature-dependent uptake of ALB and DG into heart cubes was linear for about 2 minutes and then gradually diminished during continued incubation (not shown). Testosterone augmented A1B uptake by 24-67% and DG uptake by 24-143% at 5 minutes. Testosterone stimulation of ALB and DG uptake was concentration-dependent and was greatest at 10~9 and 10~8 M, respectively ( Figure 1 ).
The effect of EGTA, La 3+ , and verapamil on basal and testosterone-stimulated uptake of HRP, ALB, and DG is shown in Figure 2 . The Ca 2+ chelator EGTA (2.5 mM, 0 Ca 2+ ) and the calcium channel blocker verapamil (100 /iM, 2.7 mM Ca) had no effect on basal uptake of these substrates, but the calcium antagonist La 3+ (1 mM) inhibited the basal uptake of ALB and DG. However, all three agents blocked testosterone-stimulated uptake of ALB and DG and attenuated stimulated uptake of HRP. The calcium ionophore A23187 (10 fxM) induced a substantial increase in the uptake of HRP, ALB, and DG, and 10"' M testosterone caused no additional increment in uptake of these substrates ( Figure 3 ). These data demonstrate that testosterone stimulation of endocytosis, amino acid transport, and hexose transport requires extracellular Ca 2+ and transsarcolemmal Ca 2+ transport in Figure 4A ). Testosterone also stimulated the efflux of 45 Ca from 45 Capreloaded tissue cubes during brief incubations (0.5-4 minutes) ( Figure 4 ). In similar studies on acutely isolated rat ventricular myocytes, 10" 8 M testosterone also enhanced 45 Ca influx ( Figure 5A ) and efflux ( Figure 5B ). However, testosteronemediated stimulation of Ca 2+ influx and efflux was detected earlier and was of greater magnitude in isolated myocytes than in heart cubes.
ODC and Polyamines
Testosterone induced an early, transient stimulation of ODC activity and a brief accumulation of polyamines in ventricle cubes ( Figure 6 ). ODC activity increased significantly at 30 seconds, peaked (2.6-fold) at 60 seconds, and abruptly declined by 2 minutes but still remained elevated during a 10minute incubation in the continued presence of testosterone ( Figure 6A ). All three polyamines increased rapidly to maximum levels at 2 minutes and then declined during a 10-minute incubation ( Figure 6 ). Testosterone stimulation of ODC activity was abolished by omitting calcium from the incubation medium or by adding verapamil (100 M) (data not shown). A similar response was observed in isolated myocytes, except that the onset of the testosteroneinduced changes in ODC activity and polyamine levels developed earlier (Figure 7) . Thus, ODC activity increased significantly at 5 seconds, peaked at 60 seconds, and then abruptly declined ( Figure 7A ). Putrescine and spermidine increased significantly at 15 seconds, peaked at 60 seconds, and then declined, while spermine increased at 30 seconds and plateaued at 1-2 minutes before decreasing (Figure 7 ). It should be noted that the basal values of ODC and the polyamines in acutely isolated myocytes were twofold to fivefold greater than in heart cubes, indicating that the isolation procedure greatly stimulates ODC activity and polyamine synthesis.
Role of ODC and Polyamines in Membrane Transport
a-Difluoromethylornithine, a specific, irreversible, enzyme-activated inhibitor of ODC, 62829 was used to evaluate the role of polyamines in testosteroneinduced stimulation of membrane transport processes. Figure 8 shows that 5 mM DFMO abolished the testosterone-induced stimulation of HRP, DG, and AIB uptake in heart cubes. Putrescine (0.5 mM), the product of ODC activity, negated DFMO inhibition and restored testosterone-evoked stimulation of HRP, DG, and AIB uptake. DFMO attenuated the testosterone-induced accumulation of polyamines, and putrescine replenished heart polyamines (Table 1) . Under basal conditions, DFMO also inhibited membrane transport and decreased polyamine concentra- 15 tions during a 15-minute incubation (data not shown).
Putrescine mimicked the effect of testosterone in that it enhanced membrane transport and augmented heart polyamine levels during a 15-minute incubation (data not shown). Similar results were obtained in acutely isolated cardiac myocytes. Figure 9 shows that DFMO blocked the testosterone-mediated stimulation of HRP, DG, and AIB uptake, whereas putrescine reversed the DFMO effect and restored testosterone-mediated uptake of these substrates. These data support the inference that newly synthesized polyamines mediate the rapid effects of testosterone on membrane transport processes in rat heart myocytes.
Role of Polyamines in Ca 2 * Fluxes
DFMO was also used to assess the role of polyamines in testosterone-mediated stimulation of Ca 2+ fluxes. Figure 10 shows that DFMO (5 mM) blocked testosterone-evoked stimulation of 45 Ca influx in heart cubes, and putrescine (0.5 mM) nullified DFMO inhibition and restored the increase in 43 Ca influx. DFMO did not affect basal * 5 Ca influx during a Heart cubes from female rats were preincubated at 37° C for 10 minutes in physiological salt solution with 5 mM a-difluoromethylomithine (DFMO), 5 mM DFMO and 0.5 mM putrescine, or no addition, and then were incubated for 2 minutes without (control) or with 10"* M testosterone. Corrections for nonspecific uptake of putrescine were made by subtracting the 0° C uptake. Results are mean±SEM (n=4). *p<0.05, fp<0.0l (vs. control). $p<0.05 (vs. testosterone). §p<0.05, flp<0.01 (vs. testosterone and DFMO). 6.5-minute incubation, but putrescine enhanced 45 Ca influx during a 6.5-minute incubation (data not shown). DFMO also abolished the stimulation of 45 Ca efflux evoked in heart cubes by testosterone, and putrescine reversed DFMO inhibition ( Figure  11 ). Experiments with isolated cardiac myocytes yielded similar results. Thus, DFMO (10 mM) blocked the testosterone-mediated increase in 45 Ca influx ( Figure 12 ) and efflux ( Figure 13 ). Conversely, putrescine (1 mM) reversed DFMO inhibition and restored the testosterone-induced increment in 43 Ca influx ( Figure 11 ) and efflux ( Figure 12 ). These results implicate newly synthetized polyamines in testosterone-mediated stimulation of Ca 2+ influx and Ca 2+ efflux in rat heart and ventricular myocytes.
. a-Difluoromethylornithine (DFMO) blocks testosterone stimulation of horseradish peroxidase (HRP), 2-deoxy-D-[I-3 H]glucose ( J H-DG), and a-[l-"C]aminoisobutyrate ( H C-A1B) uptake by ventricle cubes and putrescine
Discussion
The results presented in the first part of this report show that nanomolar concentrations of tes-tosterone evoke a prompt (<30-60 seconds) stimulation of endocytosis and transport of amino acid and hexose in rat ventricular myocardium. That this membrane transport response involves primarily the ventricular myocytes is suggested by the cytochemical localization of HRP in these cells. This inference is confirmed and extended by studies on acutely isolated ventricular myocytes, which provide direct evidence that myocytes are the target cells of testosterone. Thus, testosterone is a potent stimulus of membrane transport in isolated myocytes, with 10~8 M testosterone inducing a substantial increase in the rates of transport of HRP, AIB, and DG into these cells. This response appears to be mediated by androgen receptors, which have been previously demonstrated in heart muscle,'-3 as it is hormone-concentration dependent. An investigation in mouse kidney cortex indicated that an acute, testosterone-evoked stimulation of endocy- tosis and transport of hexose and amino acid represents a direct androgen-receptor-mediated response of the surface membrane of target cells, mainly proximal tubule cells." Thus, in addition to hormone concentration dependence, this membrane transport response correlated closely with the androgenic potency of a series of steroids (structural steroid specificity) and was absent in the androgeninsensitive tfm/y mutant mouse, which lacks androgen receptors." These experiments demonstrate that testosterone stimulation of endocytosis, and hexose and amino acid transport, requires extracellular Ca 2+ and is preceded by an enhanced inflow of Ca 2+ , which is essential for the hormonal response, because it was ablated by the Ca 2+ chelator EGTA, the Ca 2+ antagonist La 3+ , and the organic Ca 2+ transport blocker verapamil. Additional support for the importance of Ca 2+ influx comes from the observation that the calcium ionophore A23187 is andromimetic in that it evokes a rapid stimulation of endocytosis and transport of hexose and amino acid in heart cubes. Because their effects were not additive, A23187 and testosterone evidently utilize a common effector system. The early (<30 seconds) rise in 45 Ca efflux elicited by testosterone may result from a rise in free cytosolic Ca 2+ due to mobilization of calcium sequestered in an intracellular pool and its subsequent extrusion from the cell, presumably by the plasmalemmal Ca 2+ -ATPase pump and/or Na-Ca exchange. Alternatively, testosterone may directly stimulate calcium efflux by enhancing the activity of the Ca 2+ -ATPase pump and/or Na-Ca exchange. These results suggest that androgenic stimulation of ventricular myocytes may increase the free cytosolic Ca 2+ concentration by a dual mechanism, by enhancing the influx of extracellular Ca 2+ , and by mobilizing intracellular calcium. These data indicate that the rates of endocytosis, hexose transport, and amino acid transport in ventricular myocytes are modulated by androgenic stimulation in a coordinate manner and that transmembrane Ca 2+ movements play an important role in this membrane transport.
A second major finding of this investigation is that testosterone induces a rapid, transient stimulation of ODC activity and polyamine synthesis in rat ventricular myocardium. The overall response in ventricular cubes and isolated myocytes is similar except that in isolated myocytes the onset of the rise in ODC activity (5 seconds) and polyamine levels (15 seconds) and the peak response (60 sec- 
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onds) are detectible earlier than in tissue cubes. Ca 2+ entry via Ca 2+ channels and receptor regulated synthesis of prostaglandins and cyclic AMP appear to be involved in the rapid transient stimulation of ODC activity and membrane transport processes by testosterone, as these responses are prevented by verapamil, dexamethasone, aspirin, and 2',5'dideoxyadenosine, inhibitors of calcium channels, phospholipase-mediated arachidonate release, cyclooxygenase, and adenylyl cyclase, respectively, in mouse kidney cortex. 30 Additionally, the prostaglandins E 2 and A 2 and the lipophilic cyclic AMP analogue dibutyryl-cyclic AMP display andromimetic properties in stimulating ODC activity and membrane transport functions. 30 -31 Therefore, we have hypothesized that this rapid transient stimulation of ODC activity may represent an androgen receptor-mediated, Ca 2+ -, prostaglandin-, and cyclic AMP-dependent activation of a cryptic ODC by a posttranslational change, possibly a reversible phosphorylation and dephosphorylation of ODC, an ODC regulatory protein, or an ODC-binding site. Further, the cytoskeleton appears to participate in androgenic stimulation of ODC activity and membrane transport processes, possibly through cytoskeletal involvement in the clustering of ligandreceptor complexes leading to their interiorization via receptor-mediated endocytosis, 32 as these responses are suppressed by cytochalasin B and colchicine, microfilament-, and microtubule-disrupting agents, respectively. 30 It is clear from the kinetic data that activation of ODC is the initiating event leading to the rapid accumulation of polyamines in androgen-stimulated myocytes. That ODC-mediated putrescine formation is the rate-limiting step for the synthesis of the higher polyamines is established by the finding that DFMO, a specific, irreversible, enzyme activated inhibitor of ODC, 6 -28 -29 abolished the testosteronemediated accumulation of polyamines. It should be noted in this connection that, although the kinetic properties of ODC were not characterized, the observed ODC activity in testosterone-stimulated myocardium, -33 pmol/min/mg protein, was apparently too low to account for the observed increase in total polyamines, -770 pmol/min/mg protein. A similar discrepancy between ODC product and ODC activity has been invariably observed in other rapid responses, including isoproterenol-33 and testosterone-stimulated 13 kidney cortex, cryoinjured brain, 26 -34 and potassium-depolarized cortex synaptosomes. 35 Although the basis for this discrepancy is unknown, its general occurrence in numerous rapid cell responses to external stimuli must mean that the catalytic activity of ODC in vivo in intact cells is in fact much greater than that obtained from measurements in broken cell preparations or cytosolic extracts, which are performed under far from physiological conditions.
The experiments with DFMO demonstrate that newly synthesized polyamines are directly involved in the testosterone-mediated increase in Ca 2+ fluxes and Ca 2+ -dependent membrane transport functions in ventricular myocytes, as they are in kidney cortex. 13 Thus, DFMO prevented testosteroneinduced ODC activation and polyamine synthesis and simultaneously inhibited the stimulation of 43 Ca influx and efflux, endocytosis, amino acid transport and hexose transport. Conversely, exogenous putrescine replenished cellular polyamines and reversed DFMO inhibition. These findings are consistent with the hypothesis that newly synthesized polyamines serve as intracellular messengers to enhance transsarcolemmal Ca 2+ influx and efflux, trigger the stimulation of endocytosis, hexose transport, and amino acid transport, and stimulate other Ca 2+ -and polyamine-dependent processes such as excitation-contraction coupling in ventricular myocytes. Thus, polyamines have recently been implicated in androgenic stimulation of cardiac contractility and rate. 8 It remains for future studies to clarify the molecular mechanisms underlying the rapid activation of ODC and the effects of polyamines on transmembrane Ca 2+ movements, as well as the Ca 2+ -dependent and -independent actions of polyamines on membrane transport and other polyamine-sensitive processes in cardiac myocytes.
